Introduction {#S0001}
============

Sepsis is a life-threatening syndrome that arises when systemic inflammatory responses to infections are out of balance and trigger damages to the body's own tissues and organs.[@CIT0001]--[@CIT0004] It has been recognized as a deadly menace with extremely high mortality and is one of the major causes of death among hospitalized patients. The pathogenesis of sepsis is very complex and currently is under intense scrutiny. Mechanisms including systemic inflammation, coagulation, disordered fibrinolysis, and overproduction of reactive oxygen and nitrogen species have been proposed.[@CIT0003],[@CIT0005] Clinically sepsis is divided into several progressive phases based on the symptoms.[@CIT0002],[@CIT0006] Following infection, a hyper-inflammation phase is characterized by systemic inflammatory response syndromes, such as high body temperature, elevated pulse rate, and abnormal white blood cell number. Without appropriate treatments, the disease can develop into the severe phase during which the immune system gets suppressed instead and widespread organ dysfunction is present. Despite numerous studies and great advances in research, the mortality rate associated with sepsis still remains high and thus there is a clear need for better therapeutic treatments.

Glutamine is the most abundant free amino acid in the blood circulation that is used for biosynthesis of proteins.[@CIT0007] It has many important functions.[@CIT0007],[@CIT0008] For example, it can regulate the metabolism of liver and small intestine, and help gut function.[@CIT0008],[@CIT0009] In addition, it is the essential amino acid for lymphocyte proliferation and secretion.[@CIT0010]--[@CIT0013] Previous studies also indicate that glutamine has antioxidant effects and can improve intestinal immunity by stimulating the release of lymphocytes within the intestinal wall.[@CIT0014],[@CIT0015] Moreover, glutamine can promote the synthesis and secretion of immunoglobulin, and increase the production of gastrointestinal-related hormones.[@CIT0016],[@CIT0017] Therefore, glutamine has been used as an anti-inflammatory treatment.[@CIT0018],[@CIT0019]

Ulinastatin is a glycoprotein purified from the fresh urine of an adult healthy male and is an intrinsic trypsin inhibitor.[@CIT0020] As an acidic protein, ulinastatin can inhibit the activity of various enzymes and the production of many inflammatory factors and mediators.[@CIT0021]--[@CIT0023] In addition, it can directly bind with toxins and protect the body. Consequently, ulinastatin has been used to treat acute pancreatitis, acute circulatory failure, acute lung injury and many other severe infection-related diseases.[@CIT0020],[@CIT0024],[@CIT0025]

In the present study, we sought to investigate the effects of glutamine and ulinastatin treatments on sepsis and examine the underlying mechanisms. We found that both glutamine and ulinastatin greatly alleviated sepsis syndromes and that combination of both treatments had the biggest effect. Mechanistically, we showed that glutamine and ulinastatin inhibited the inflammatory responses by decreasing levels of procalcitonin, IL-6, TNFα, and IL-1β. Further, they can strengthen the immune system by up-regulating CD4, CD4/CD8 ratio, and the numbers of monocytes and neutrophils. Our study demonstrates that the combination of glutamine and ulinastatin tremendously improves the outcome of sepsis and thus they can be used as a potential therapeutic avenue for sepsis in the future.

Materials and Methods {#S0002}
=====================

Cecal Ligation and Puncture (CLP) Rat Model and Gastrostomy {#S0002-S2001}
-----------------------------------------------------------

Sprague Dawley wild-type rats were purchased from Animal Center of Inner Mongolia Medical University. All animal protocols were approved by Inner Mongolia Medical University Committee of Animal Care and Use, and animal experiments were done according to national and institutional animal care and ethical guidelines. Sepsis was induced by the standardized CLP as described previously.[@CIT0026],[@CIT0027] Briefly, adult male rats (8--12 weeks, 240--260g) were fasted overnight and then anesthetized by 10% chloral hydrate (4mL/kg). The abdominal region was cut open and the cecum was located and separated from the surrounding tissues. The cecum was ligated with a 3.0 silk ligature at the middle part. A 22-G needle was used to make one perforating puncture between the ligation and the tip of the cecum. The cecum was then put back.

The stomach was located afterwards and was cut open between the anterior gastric wall and the bottom of gastric body. A spherical headed silicon tube (2-mm in diameter) was inserted into the stomach and attached with the stomach. The other end of the tube was put behind the neck through the lateral abdominal wall. Then, the abdomen was closed.

Following the surgery, the saline group (15 animals) was injected with normal saline (30mL/kg) via the tail vein; Ulinastatin (Tianpu Shenghua Medical Co., Ltd. Guangdong, China) group (15 animals) was injected with ulinastatin (100,000 U/kg) via the tail vein; Glutamine (Linco Pharmaceutical Group, Hainan, China) group (15 animals) was fed with glutamine (0.6g/kg) through the silicon tube; Glutamine plus ulinastatin group (15 animals) was injected with ulinastatin (100,000U/kg) via the tail vein and fed with glutamine (0.6g/kg) through the silicon tube. The rats in the control group were anesthetized by 10% chloral hydrate (4mL/kg) without any additional surgeries. No animals died during the surgery and the animals were sacrificed at 24 h after surgery for further experiments.

Sample Collection {#S0002-S2002}
-----------------

Blood was collected through the fundus veins at 6h, 12h and 24h after surgery. A fraction of blood was collected and gently mixed in the EDTA-anticoagulant tube; Another fraction was put in the centrifuge tube at room temperature for 10--20 mins to allow for coagulation. Then, the blood was centrifuged at 3,000 rpm for 10 mins and the supernatant was collected and stored at −80 °C for further experiments.

White Blood Cell Counts {#S0002-S2003}
-----------------------

Blood was used to determine the total white blood cell (WBC) counts in different groups. Five microliters of blood were stained with May--Grünwald--Giemsa (Solarbio Life Sciences, China) according to the manufacturer's protocol and then smeared onto a microscope glass. The percentage of monocytes and neutrophils was counted using a microcell counter.

Flow Cytometry {#S0002-S2004}
--------------

CD4 and CD8 levels were measured through flow cytometry. Briefly, the blood was incubated with specific fluorochrome-conjugated antibodies (CD4 \[Zehao Biotech CO., Ltd. China), CD8 \[Zehao Biotech CO., Ltd. China\] and control mouse IgG1 \[Zehao Biotech CO., Ltd. China\]) for 15 mins at room temperature first, and then incubated with fluorescence-activated cell scanner (FACS) lysis solution for another 10 mins, followed by analysis on the FACS Calibur flow cytometer (SpringDe Electronic Technology CO., Ltd. China).

Enzyme-Linked Immunosorbent Assay (ELISA) {#S0002-S2005}
-----------------------------------------

Plasma was collected and plasma procalcitonin (PCT), IL-6, TNFα, and IL-1β levels were determined with commercial specific ELISA kits (Shanghai Qiyi Biotech CO., Ltd, China) according to the manufacturer's protocols. Briefly, 100 μL standard samples and collected samples were added into the 96-well plate and incubated at 37 °C for 1h. One hundred microliters of specific antibodies (Shanghai Qiyi Biotech CO., Ltd, China) were added afterwards and incubated for another 1h, followed by 30 min of incubation with 100 μL horseradish peroxidase-linked secondary antibody. Finally, the plate was washed with TBST and analyzed with a spectrophotometer.

Statistical Analysis {#S0002-S2006}
--------------------

All statistical analyses were analyzed with software SPSS22.0 and plotted in GraphPad Prism 7. Data distribution was tested for normality and all the data showed normal distribution. Comparison was made using two-way ANOVA with Bonferroni's multiple comparisons test. The Data were presented as Mean ± SEM. All experimented were performed at least three times.

Results {#S0003}
=======

Ulinastatin and Glutamine Improved Sepsis Symptoms {#S0003-S2001}
--------------------------------------------------

To investigate the effects of glutamine and ulinastatin on sepsis, we induced sepsis by using the standard CLP rat model. Immediately following the surgery, we treated the rats with different drugs and examined their responses. We observed that all rats showed tremor, retardation, piloerection, tachypnea and abdominal swelling starting 3 hrs after the surgery, indicating the success of sepsis induction. However, the group treated with normal saline exhibited the severest symptoms, including shortness of breath, very rare activity, and obvious distension of the abdomen ([Table 1](#T0001){ref-type="table"}). The ulinastatin group and glutamine group showed general symptoms with fast breathing, reduced activity, and some abdominal distension ([Table 1](#T0001){ref-type="table"}). The combined group that was treated with ulinastatin and glutamine had the most minor symptoms. They showed regular breath, general activity and very light abdominal distension ([Table 1](#T0001){ref-type="table"}). We sacrificed the rats after 24 h and examined the cecum. In the saline group, the cecum turned black with severe edema ([Table 1](#T0001){ref-type="table"}). In the ulinastatin and glutamine groups, both the color of the cecum and the degree of edema were lighter compared to the saline group ([Table 1](#T0001){ref-type="table"}). In the combined group, the cecum showed the lightest darkness and exhibited the least edema ([Table 1](#T0001){ref-type="table"}). Together, these results show that treatment with ulinastatin and glutamine can improve the outcomes of sepsis and that combination of both treatments is the most effective way.Table 1Symptoms of Rats Following CLP Surgery and Drug TreatmentsGroupBreathActivityColor of CecumAbdominal DistensionEdemaSalineTachypneaRareDarkObviousSevereUlinastatinFastReducedBrownSomeSomeGlutamateFastReducedBrownSomeSomeCombinedRegularGeneralLightLittleLittle

Ulinastatin and Glutamine Suppressed Inflammatory Responses in Sepsis {#S0003-S2002}
---------------------------------------------------------------------

Next, we sought to explore the mechanisms underlying the protective effects of ulinastatin and glutamine on sepsis. We examined the inflammatory responses as they are greatly involved in sepsis.[@CIT0006] Procalcitonin (PCT), IL-6, TNFα, and IL-1β are important inflammatory markers and PCT has been used as diagnosis of sepsis.[@CIT0028],[@CIT0029] Their expressions are suppressed in the absence of infection but get highly enhanced following infection. As expected, in the control group in which no sepsis was induced, the levels of PCT, IL-6, TNFα, and IL-1β were very low, and they were tremendously elevated in rats that underwent CLP surgery ([Figure 1A](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}), indicating that CLP surgery induces robust inflammatory responses. However, we found that both ulinastatin treatment and glutamine treatment significantly reduced the levels of PCT, IL-6, TNFα, and IL-1β at all time points (6, 12, 24 h) compared to saline-treated animals ([Figure 1A](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}). Moreover, the combination of both treatments further decreased the levels of PCT, IL-6, TNFα, and IL-1β in the plasma ([Figure 1A](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}). Therefore, we conclude that ulinastatin and glutamine treatments inhibit the inflammatory responses during sepsis.Figure 1PCT, IL-6, TNFα, and IL-1β levels in rats following CLP surgery and drug treatments.**Notes**: (**A**) PCT levels in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**B**) IL-6 levels in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**C**) TNFα levels in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**D**) IL-1β levels in different groups of rats at different time points following CLP surgery (n = 15 in each group). Data are presented as mean ± SEM. \*\*\*\**P* \< 0.0001; ^\#\#\#\#^*P* \< 0.0001.

Ulinastatin and Glutamine Enhanced Immune Responses Following Sepsis {#S0003-S2003}
--------------------------------------------------------------------

To further understand the underlying mechanisms, we examined how ulinastatin and glutamine affected the immune system during sepsis. CD4 and CD8 positive T helper cells play an important role in the development of immunity against infection.[@CIT0030] The number of CD4 positive cells and CD4:CD8 ratio are highly associated with immune function. Increased CD4 positive cells and CD4/CD8 ratio indicate strong immune system.[@CIT0031],[@CIT0032] We found that treatment with ulinastatin and glutamine significantly increased the percentage of CD4 positive cells compared with the saline-treated rats ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}), and that combination of both treatments further up-regulated the number ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). More importantly, CD4/CD8 ratio was greatly increased following ulinastatin and glutamine treatments and rats treated with both ulinastatin and glutamine had the highest ratio ([Figure 2A](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). We also counted the numbers of monocytes and neutrophils in the blood as they are good indicators of immune system as well. We found that CLP surgery greatly decreased the numbers of monocytes and neutrophils compared to control rats ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). Nevertheless, ulinastatin and glutamine treatments recovered the numbers ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}), and the combination of both treatments increased the numbers the most ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). Taken together, these results show that ulinastatin and glutamine treatments strongly increase the immunity against sepsis and thus improve the outcome.Figure 2CD4 levels, CD4/CD8 ratios, and the numbers of monocytes and neutrophils in rats following CLP surgery and drug treatments.**Notes**: (**A**) Representative flow cytometry dot plots in different groups of rats 24 h following CLP surgery (n = 15 in each group). (**B**) CD4 levels in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**C**) CD4/CD8 ratios in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**D**) The number of monocytes in different groups of rats at different time points following CLP surgery (n = 15 in each group). (**E**) The number of neutrophils in different groups of rats at different time points following CLP surgery (n = 15 in each group). Data are presented as mean ± SEM. ns, not significant; \**P* \< 0.05; \*\*\*\**P* \< 0.0001; ^\#^*P* \< 0.05; ^\#\#\#^*P* \< 0.001; ^\#\#\#\#^*P* \< 0.0001.

Discussion {#S0004}
==========

In the study, we show that glutamine and ulinastatin treatments can inhibit the inflammation process but strengthen the immune system during sepsis, resulting in improved outcome with alleviated symptoms. Mechanistically, we found that glutamine and ulinastatin decrease PCT, IL-6, TNFα, and IL-1β levels but up-regulate CD4, CD4/CD8 ratio, and the numbers of monocytes and neutrophils. Our work reveals that the combination of glutamine and ulinastatin greatly protects from sepsis and therefore could be used as a future therapy for sepsis.

The development and progression of sepsis is extremely complicated and many factors are involved.[@CIT0002] Following infection, septicemia pathogens activate the immune system, which can cause ischemia and hypoxia of cells and tissue damage.[@CIT0006] Such excessive immune responses can further trigger inflammatory response syndrome and even cause multiple organ dysfunction.[@CIT0033] The body undergoes anti-inflammatory and pro-inflammatory dynamic responses through related molecular patterns and various signal pathways, such as NOD-like receptor signaling pathway and activation of related immune cells, leading to immune disorders and a series of pathophysiological reactions.[@CIT0034],[@CIT0035] In view of this, control of the inflammatory responses is very critical and clinically treatment with antibiotics always starts immediately. Ulinastatin is a multivalent Kunitz-type serine protease inhibitor and has been shown to possess anti-inflammatory effects that can suppress the expression of multiple inflammation cytokines including TNF-α, IL-6, IL-8.[@CIT0036]--[@CIT0038] Here, we showed that intravenous injection of ulinastatin attenuated inflammation induced by CLP surgery and thus ameliorated the symptoms.

With the progression of sepsis, the immune system gets inhibited as a large number of lymphocytes become apoptotic and the function of macrophages is lost. Moreover, anti-inflammatory factors like IL-6 and IL-10 are released sharply in the body, causing excessive inflammatory reactions and thereby suppressing the immune system.[@CIT0039]--[@CIT0041] Therefore, increasing the immunity is very important for sepsis therapy. Glutamine, as the most abundant free amino acid, is utilized as an energy source for cells of the immune system and is essential to support optimal lymphocyte proliferation. Low plasma glutamine concentration could contribute to the immunosuppression and therefore glutamine has been used to maintain the immune function in patients with various diseases. In this study, we also found that glutamine treatment could greatly enhance the immune function in sepsis. The percentage of CD4 positive cells and CD4/CD8 ratio was largely increased following glutamine treatment during sepsis. Further, the number of monocytes and neutrophils were up-regulated as well.

Interestingly, we found that the combination of ulinastatin and glutamine treatments has better effects compared to ulinastatin alone or glutamine alone. In the combined group, the rats had the most minor symptoms. Therefore, the combination of both drugs has synergic effects.

Conclusion {#S0005}
==========

In summary, our work demonstrates that the combination of ulinastatin and glutamine can largely improve the outcomes of sepsis by suppressing inflammation and strengthening the immune system. This provides a therapeutic avenue for sepsis treatment in the future.
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